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Interaction of cationized antigen with rat glomerular basement mem-
brane: In situ immune complex formation. The influence of charge and
size on antigen binding to the rat glomerular basement membrane
(GBM) was investigated. Chemically cationized ovalbumin, human
serum albumin (HSA), human immunoglobulin G (Hu IgG), horse
spleen ferritin and human immunoglobulin M (Hu 1gM) were injected
into rats intravenously. By immunofluorescence significant glomerular
binding occurred when the p1 exceeded a threshold value of 8.5 to 9.5.
At a given p1 antigen binding increased with molecular size. Cationized
Hu 1gM bound only weakly to the glomerular capillary wall, presum-
ably excluded due to size. Subepithelial immune deposits were formed
only when antibody was injected subsequently. Detailed electron
microscopic studies on in situ formation of immune complexes were
performed using cationized horse spleen ferritin. Early on subendothe-
hal deposits were very marked, giving way to subepithelial deposits
with time. Under the conditions employed, it appears that deposits can
be formed directly at the subepithelial locus but that complexes are also
formed subendothehially, dissociating into free molecules or small
complexes and then migrating through the lamina densa and reforming.
Interaction d'antigenes cationiques avec Ia membrane basale glomeru-
laire de rat: Formation d'immuns complexes in situ. L'influence de Ia
charge et de Ia taille sur la liaison d'antigenes a Ia membrane basale
glomerulaire (GBM) de rat était étudié. De l'ovalbumine rendue cationi-
que chimiquement, de Ia sérum-albumine humaine (HSA), de l'immun-
oglobuline G humaine (Hu IgG), de Ia ferritine splenique de cheval et de
l'immunoglobuline M humaine (Hu 1gM) ont été injectées par vole
intraveineuse a des rats. En immunofluorescence, une liaison gloméru-
laire significative se produisait lorsque p1 depassait une valeur scull de
8,5 a 9,5. Pour un p1 donné, Ia liaison antigénique augmentait avec ha
taille moléculaire. De l'Hu 1gM cationique ne se liait que faiblement a Ia
parol capillaire glomerulaire, probablement en raison de sa taille. Des
depOts immuns sous-endothéliaux ne se formaient que lorsque l'anti-
corps était ensuite injectd. Des etudes détaillées en microscopic élec-
tronique de Ia formation in situ des immuns complexes ont etC effec-
tuées en utilisant de Ia ferritine cationique splCnique de cheval. Préco-
cement, des dCphts sous-endothéllaux étaient très marques, faisant
place ensuite a des depots sous-CpithChiaux. Dans nos conditions
expérimentales, il apparait que des depOts peuvent se former directe-
ment dans Ia region sous-epitheliale, mais que les complexes sont
également formés dans Ia region sous-endotheliale, se dissocient en
molecules libres ou en petits complexes, puis traversent Ia lamina densa
et se reforment.
The observation that anionic sites in the GBM have affinity
for cationic agents led to the speculation that cationic macro-
molecules could serve as planted antigen for circulating anti-
body [1, 21. The nephritogenic potential of such antigen was
substantiated by establishing an experimental model of immune
complex nephritis using cationized ferritin [3].
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The previously described model employed an antigen of
poorly defined isoelectric point, and the role of charge as well
as the role of molecular size was not investigated. Precise
information on the characteristics of substances capable of
undergoing charge interactions with the GBM would facilitate
the task of screening naturally occurring antigens for suitable
candidates. The approach chosen was to cationize chemically a
range of protein antigens of different sizes to varying extents
and then examine the degree of binding to the GBM.
The in situ nature of immune complex formation in the
system used here has not been demonstrated directly and
clearly warrants close attention. A series of experiments involv-
ing ligation of one kidney for restricted periods was performed
to detect a possible contribution of preformed, circulating
immune complexes.
No detailed morphological studies on in situ immune complex
formation with an electron dense antigen have been reported.
Such studies should yield valuable information on the precise
interaction of a planted antigen with the GBM and provide
insight into the events involved in subepithelial immune com-
plex formation at a molecular level. For this purpose we
performed electron microscopic studies with cationized horse
spleen ferritin.
Methods
Antigens. Ovalbumin was purchased from Sigma, MUnchen,
West Germany, and HSA and Hu IgG (Beriglobin) from Beh-
ringwerke, Marburg, West Germany. Ferritin, free of apoferri-
tin, was prepared from horse spleens as described previously
[41. 1gM was isolated from the serum of a patient with Walden-
strom macroglobulinemia by sequential ammonium sulphate
precipitation, euglobulin precipitation, and chromatography on
Sephacryl S-300 (Pharmacia, Freiburg, West Germany).
Cationization. Cationization of the proteins was performed
according to the method of Danon et al [5], using I-ethyl-
3(3dimethylaminopropyl) carbodiimide hydrochloride (EDC;
Sigma) as activator and N ,N-dimethyl- 1 ,3-propanediamine
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Table 1. Correlation between isoelectric point and binding to
glomerular basement membrane
Cationized antlgen
Isoelectric range*±
mol at 6.5 to 8.5 7.5 to 9.5 8.0 to 10.0 >10.0
Ovalbumin, 40 x 103d 0
HSA, 70 x 103d 0 + ++ +++
HulgG,160x103d 0 ++(+) +++(+) +++(±)
Ferritin, 480 x 103d +(+±) ++(+) +++(±) +++(±)
HuIgM, 900 x 103d ND ND ND +(+++)
--
+ 1 mg cationized protein was injected intravenously into rats.
Kidneys were removed 30 mm later and stained with the appropriate
FITC-labeled antibody. Following a negative result, the dose was
increased to 5 mg; no discrepancies were seen.
+ Cationization is heterogeneous (range of main fraction approxi-
mately 2 pH units). Abbreviations are: ND, not done; ( ) in parenthe-
ses, intensity of mesangial staining.
(DMPA; Eastman Kodak, Rochester, New York) as a nucleo-
phile to replace carboxyl groups. The reaction conditions
producing highly cationized ferritin were as follows: 0.5 ml
DMPA was added to 25.0 ml distilled water with continuous
stirring, and the pH was adjusted to 6.5 with I N hydrochloric
acid. Then 2.5 ml of an aqueous solution of the protein (575 mg)
and 1.5 g EDC were added. The pH was maintained at 6.5 for 6
to 8 hr in a TTT 60 Titrator (Radiometer, Copenhagen, Den-
mark), using 1 N or 0.2 N hydrochloric acid. All other modifica-
tions (including ferritin) were performed with 300 mg of protein
in 5 to 8 ml distilled water with the addition of varying quantities
of DMPA (50 p.1 to 1.0 ml) and EDC (50 nig to 300 mg); higher
quantities of DMPA and EDC result in higher degrees of
cationization, but variation occurs so that the procedure is
empirical. The mixture was left overnight at room temperature
in a closed vessel, exhaustively dialysed against PBS in the
cold, sterile filtered through a Millipore filter (0.45 p.), and
stored at 4° C until required.
Determination of isoelectric point. The isoelectric range of
the modified proteins was determined by isoelectrofocusing in a
slab gel of 5.5% polyacrylamide gel and an ampholyte pH
gradient of 4.5 to 9.8. The migration velocity of cationized
ferritin and 1gM appeared to be retarded when compared to the
smaller proteins used. To obtain a reliable value for the p1 with
the former proteins, we had to apply several samples at various
distances from the cathode and where no migration occurred, or
the samples moved in both directions it was assumed that their
p1 coincided with that measured at this position. The modifica-
tion procedure produced fractions that were heterogeneous in
respect of their charge; the isoelectric range was as much as 4
pH units, and the main portion was restricted to 1 to 2 pH units.
Antisera and immunofluorescence. Antisera to native and
highly cationized proteins (p1 > 9.5) were raised in rabbits or
sheep by repeated injections in Freund's complete adjuvant;
antisera were inactivated at 56° C for 30 mm and stored at
—20° C. The IgG fractions of high titer antisera were labeled
with FITC by the method of Hijmans, Schuit, and Klein 6]. All
immunofluorescent staining reported here was performed with
antiserum to native antigens. Preliminary tests showed that the
antisera obtained by immunization with cationized antigens did
not give more intensive immunofluorescent staining. Antiserum
0 0 ++
to rabbit Ig was raised in sheep and labeled with FITC as
outlined above, FITC-labeled anti-rat IgG, and C3 were pur-
chased from Nordic Immunochemicals.
Immunofluorescent microscopy was carried out on 5-p. fro-
zen sections that were air dried and then fixed in acetone before
being overlayered with the appropriate antisera. The sections
were judged as to the degree of glomerular and interstitial
staining; within the glomerulus, capillary wall and mesangial
staining was differentiated and graded arbitrarily on a 0 to + + +
scale. We were unaware of the coding; standard sections were
included to allow correction for day to day variation.
Electron microscopy. Renal tissue was fixed immediately
with glutaraldehyde and then with s-Collidine buffered osmium
tetroxide (1.3%; pH 7.4; +4° C) and was embedded in Epikote
812. Ultrathin sections were cut with a diamond knife on a
Reichert Ultramicrotome Om U 3 and were mildly contrasted
for 30 mm with saturated uranyl acetate. Sections were viewed
with a Zeiss EM 9 S2 electron microscope.
Animals. Male Wistar rats (Zentraltierversuchslabor Hanno-
ver, Federal Republic of Germany), weighing between 90 and
110 g, were used throughout. The antigen preparation and
antisera were injected into the tail vein under ether narcosis. All
cationized samples were adjusted to a volume of 0.5 ml with
sterile PBS prior to injection. Where appropriate, animals were
injected with 1.0 ml of antiferritin antiserum intravenously 15
mm after the cationized antigen.
Experimental design
(1) Charge and size dependence of renal binding of cationized
proteins. Ovalbumin, HSA, Hu-IgG, ferritin, and Hu-lgM were
each modified to varying extents (Table 1). Initially 1 mg/100 g
body wt was injected intravenously; when negative this dose
was increased to 5 mg. For each investigation three rats were
used; their kidneys were removed after 30 mm and stained with
the appropriate FITC-labeled antibody.
(2) Kinetics of glomerular binding of highly cationizedferri-
tin. A group of rats received 5mg of cationized ferritin (p1> 10)
per 100 g body wt intravenously. At each timepoint selected
(Table 2) three to four animals were studied. Frozen sections of
renal tissue were stained with FITC-labeled antisera to ferritin,
rat C3, and rat IgG. Selected tissue samples were prepared for
electron microscopy.
(3) Kinetics of glomerular binding of highly cationizedferritin
followed by antibody. Each rat was given 5 mg of highly
cationized ferritin (p1 > 10) per 100 g body wt followed by 1.0
ml of antiserum to native ferritin 15 mm later. Three to five rats
were studied at each timepoint chosen (Table 3). Frozen
sections of renal tissue were stained with FITC-labeled antisera
to ferritin, sheep Ig, rat C3, and rat IgG. Selected tissue samples
were taken for electron microscopy.
(4) Persistence of cationized antigen in the circulation. The
left renal artery was ligated and then each rat received 5 mg i.v.
of highly cationized ferritin. The ligature was released after 1, 2,
5, 10 or 15 mm. At each time of release three rats were killed 10
mm later. To verify that cationized antigen could fix to a
previously ligated kidney, the left renal arteries of three rats
were ligated for 15 mm. Highly cationized ferritin (5 mg) was
given 2 mm after release, and the animals were killed 10 mm
later. In all animals the degree of antigen fixation in the left and
right kidneys was compared by immunofluorescence.
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Table 2. Accumulation and persistence of intravenously injected
cationized ferritin along the GBM
Time between
injection and
sacrifice
Immuno-
fluorescent
staining forferritin
Time between
injection and
sacrifice
lmmuno-
fluorescent
staining forferritin
5mm
++
++
++
lôhr :+
+
15mm
+++
++
++
24hr ;
30mm
+++
+++
++
36hr
Ihr
+++
+++
++
48hr ii
0
2hr
+++
::
96hr
÷
0
0
4hr
++
++
+++
iweek
÷
0
0
8hr
++
+
+
+
ferritin per 100 g body wt were injected+ 5 mg cationized
intravenously.
Individual values are shown.
(5) Investigation of extent of circulating immune complex
deposition. The left renal arteries of five rats were ligated and
then 5 mg of highly cationized ferritin was injected intravenous-
ly; 15 mm later 1 ml of anti-ferritin antiserum was injected
intravenously, and the ligature was released immediately after-
wards. The animals were sacrificed after 30 mm. The amount of
antigen/antibody present in the left- and right kidneys was
compared by immunofluorescence.
(6) Controls. The following control groups were included: (a)
as in (2) but employing native ferritin; (h) as in (3) but employing
native ferritin, timepoint 15 mm.
Results
Renal binding of cationic antigens depending on size and
charge. All highly cationized proteins investigated, with the
exception of 1gM, accumulated primarily along the GBM.
Binding was rapid after injection. Initially, the staining ap-
peared nearly linear (Fig. 1A). As time passed, it became
increasingly granular and more mesangial in appearance (Fig.
1B).
Table 3. Persistence of intravenously injected cationized ferritin in the
GBM when complexed with antiferritin antibody
Time between
injection and
sacrifice
Staining for'
Ferritin Sheep Ig Rat C3 Rat IgG
5mm +to++ ++to+++ 0 0
15mm +to++ ++to+++ 0 0
30mm +to++ ++to+++ 0 0
lhr +to++ ++to+++ 0
2hr ++ +++ 0 0
4hr ++ ++to+++ 0
8hr +to++ ++to+++ 0
24hr +to++ ++to+++ + 0
48hr +to++ ++to+++ +to ++ 0
iweek + ++to+++ + +
2week
4week Oto Oto+
* Injected were 5 mg cationized ferritin per 100 g body weight into
the tail vein followed 15 minutes later by 1.0 ml sheep antiferritin
antiserum.
Data from 3—5 animals, range is shown.
The intensity of renal binding correlated with molecular
weight and the overall net charge of the proteins injected (Table
1). The fractions used were heterogeneous (range, 1.5 to 4 pH
units), but by comparison of the upper cut-off points of the
different fractions used, it was possible to deduce the p1 at
which the GBM binding first occurred. For a given protein, the
binding increased with increasing p1. At a given p1, binding
increased with molecular size. Cationized ovalbumin, the small-
est molecule tested, bound to the GBM only when the p1
exceeded 10.0, all other proteins localized from p1 8.5 to 9.5
upwards. Cationized proteins larger than HSA (IgG, ferritin,
1gM) localized predominantly within the glomerulus. Ovalbu-
mm and HSA, when highly cationized bound strongly to the
peritubular capillaries in addition. In the case of ovalbumin the
nuclei of some tubular cells were also stained. Moderately
cationized ovalbumin (p1 < 9.) and HSA (< 8.5) produced a
diffuse staining in the tubular cells; the glomeruli were negative.
The intraglomerular distribution varied with the size of the
cationized molecule employed. Ovalbumin and HSA bound
mainly to the walls of the capillary loops. IgG was found along
the walls of the capillary loops, and in the mesangial region.
Moderately cationized ferritin (p1 <8.5) localized preferentially
within the mesangium while fractions with a p1 over 9.5 were
deposited almost exclusively along the capillary loops. Highly
cationized 1gM localized mainly in the mesangium.
Renal accumulation and persistence of intravenously injected,
cationizedferritin in the absence of antibody
Immunofluorescent staining. The intravenous injection of
highly cationized ferritin (p1 > 10.0) resulted in a massive
accumulation of the antigen along the glomerular capillary
walls. An intense linear staining for ferritin was visible within
minutes after the injection, reaching a maximum after 15 to 60
mm. From 2 hr on the intensity of staining decreased, and the
staining pattern changed from a linear to a granular one. The
antigen then was distributed frequently and irregularly over the
whole glomerulus in patches of varying size (Fig. 1B). After 36
hr the staining was very weak or negative (Table 2), but parts of
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Fig. I. Cryostat section of rat glomeruli. A Thirty tnin after intravenous injection of I mg highly cotionized Hu IgG (p1> 10.0), stained with FITC-
labeled anti Hu IgG. The antigen is distributed along the capillary walt and in the cytoplasm of glomerular cells. (x 800) B Eight hr after intravenous
injection of 5 mg of highly cationizedferritin (p1 > 10.0), stained with EITC-labeled antiferritin. The antigen is concentrated in small flecks,
presumably within cytoplasmic vesicles of glomerular cells, mainly mesangially. (x800) C Highly cotionizedferritin (5 mg)followed by 1.0 tn/of
sheep antiferritin 15 mm later, stained with FJTC-labe/ed anti-sheep IgG. Eight hr after the antibody injection, sheep IgG can be seen distributed
along the capillary ioops in an intense linear pattern. (x800) D As in C but killed at 2 weeks. Here the antibody molecules are distributed in a fine,
granular pattern along the capillary walls. (x 1500) E As in C but killed at 48 hr. Stained with FITC-labeled anti-rat C3. A granular distribution of
complement along the capillary walls is seen. (x800) F As in C but killed at I week. Stained with FtTC-labeled anti-rat IgG. Granular staining both
along the capillary loops and in the mesangial region is present. (x800).
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Fig. 2. Electron micrograph of a Section of the GBM from a rat 2 hr
after injection of 5 mg highly cationizedferritin. Ferritin aggregates are
present on both sides of the GBM, presumably at the fixed anionic sites.
Especially on the epithelial side thç ferritin molecules appear in a
crystalline pattern. Abbreviations are: L, capillary lumen; US urinary
space. (x38,450).
some glomeruli still contained antigen 1 week later. Staining for
rat C3 and rat IgG was always negative.
Electronmicroscopic findings. Large numbers of ferritin mol-
ecules, often in condensed aggregates, were seen within the
capillary lumen 5 mm after injection. Aggregates were attached
generally to the surface of endothelial cells and were found in
the lamina rara interna. Many individual molecules lay scat-
tered throughout the various layers of the glomerular basement
membrane. Some cationized ferritin molecules already had
reached the subepithelial zone, forming small aggregates usual-
ly in the region beneath the slit membranes. A few molecules
had been gathered by the foot processes of the epithelial cells.
Between 15 and 60 mm numerous ferritin aggregates were
present in the lamina rara interna. After 1 hr the first ferritin
aggregates were observed within vesicles of endothelial cells.
The number of ferritin molecules in the capillary lumen and
lamina rara interna decreased continuously with time. By 2 hr
ferritin aggregates were distributed on both sides of the capil-
lary wall in nearly equal numbers (Fig. 2). The ferritin mole-
cules appeared to be ordered in a lattice-like fashion, especially
on the subendothelial side, perhaps mirroring the arrangement
of the anionic sites. The number of ferritin molecules migrating
through the lamina densa was reduced considerably. At 8 and
16 hr numerous, relatively large ferritin aggregates were present
within the cytoplasm of the endothelial, epithelial, and mesan-
gial cells; lysosome formation was prominent. A few ferritin
aggregates were present along the GBM, and they were found
now exclusively in aggregates in the vicinity of the slit mem-
branes (Fig. 3). There were still some ferritin molecules to be
seen within the three layers of the GBM.
At 24 and 48 hr the number of ferritin aggregates along the
GBM had further decreased. Pronounced accumulation of
membrane-enclosed ferritin aggregates, increasing in size and
number, were present in the cytoplasm of epithelial cells after 1
week, by which time the GBM was nearly free of ferritin
Fig. 3. As in Figure 2, but killed at 16 hr. The ferritin molecules are
mostly located in aggregates subepithelially. An area is shown which
contains an abundant amount of ferritin. (x38,450).
molecules. It is noteworthy that no ferritin molecules in aggre-
gated form were found within the lamina ilensa 1sf any time.
Renal persistence of intravenously injected cationizedferritin
when followed by antibody
Immunofluorescent staining. Cationized ferritin which react-
ed with subsequently injected antibody remained considerably
longer in the glomeruli. Fluorescent staining for antigen was
weaker in the first hours after injection than in rats receiving
only ferritin, presumably due to a masking effect of the anti-
body. Intensity of fluorescent staining for antibody globulin
bound to the cationized antigen was in general more pro-
nounced (Fig. IC). The intensity of staining for both antigen and
antibody globulin remained nearly unchanged for 24 to 48 hr
after injection, then decreased slowly over a period of weeks
(Table 3). Some ferritin was still detectable after 4 weeks, and
significant amounts of antibody globulin was present in the
glomeruli at this time (Fig. 1D). The pattern of deposition in
these animals was also different to those receiving ferritin
alone. Antigen was restricted, at least in the first week, to the
peripheral glomerular capillary wall. Staining was linear or fine
granular. From the second week onward ferritin was located
also within the mesangium, and the distribution of antibody
globulin became more segmental in nature. Significant deposits
of C3 were seen from 24 hr onward in general granular
appearance (Fig. IE). Rat IgG was detectable after 1 week; the
staining pattern was granular in appearance, mostly in a seg-
mental pattern and partially mesangially located (Fig. IF),
Electronmicroscopic findings. Five minutes after the anti-
body injection numerous ferritin aggregates were seen lying
beneath the endothelial cell cytoplasm and in the lamina rara
interna. The endothelial cells frequently exhibited flattened
cytoplasmic protrusions. The ferritin aggregates were surround-
ed by a homogeneous, electron dense material (not seen with
cationized ferritin alone, see above). A few, small ferritin
conglomerates were already present in the region of the slit
membrane. Very few molecules were visible within the lamina
L
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Fig. 4. Electron micrograph of GBM section. Cationized ferritin (5 mg)
followed 15 mm later by antiferritin was given and the rat was sacrificed
2 hr later. The majority of the ferritin molecules are located subendothe-
lially, surrounded by a moderately electron dense material. Small
assemblies of ferritin molecules beneath and between the podocytes are
present. The lamina densa is largely free of ferritin. (x32,250).
Fig. 5. As in Figure 4, but killed at 48 hr. The ferritin aggregates are now found virtually exclusively subepithelially. Hump formation can be seen.
Where humps occur the ferritin molecules extend into the lamina densa. (x33,000).
densa. At 15 mm the distribution and appearance of ferritin in
the lamina rara interna and externa were similar to that seen at 5
mm. However, isolated molecules and occasionally even small
aggregates were found in the lamina densa, exhibiting finger-
like protrusions containing relatively large amounts of ferritin,
which were also surrounded by electron dense material. This
presumably represented a very early stage of hump formation.
After 2 hr the majority of the ferritin molecules were still
present in the subendothelial area (Fig. 4). With time the
amount of subendothelially located ferritin aggregates de-
creased. Simultaneously, an increase in these aggregates was
noted subepithelially. Subepithelial hump formation first was
defined clearly from 2 hr onward. Single ferritin molecules were
still seen within all three layers of the GBM. At 24 hr numerous
ferritin aggregates were present subendothelially and subepithe-
lially in nearly equal numbers. Isolated molecules and occasion-
ally small aggregates could still be observed penetrating the
lamina densa. In some parts the lamina densa appeared to be
loosened, but in general no serious disruption of the GBM was
observed. Aggregates in greater numbers than at any time
previously were found almost exclusively in the subepithelial
region 48 hr after injection. Subepithelial humps were then
present extensively. The subendothelial region was almost free
of ferritin (Fig. 5). With time the number of subepithelial
aggregates decreased, but even after 4 weeks subepithelial
deposits of electron dense, ferritin containing material was still
present. Irregular thickening of the GBM was seen. Some
ferritin could be found within mesangial cells.
Persistence of cationized antigen in the circulation
Cationized ferritin capable of binding to the GBM was
removed from the circulation within 5 mm (Table 4). Ligation of
the kidney did not affect the ability of cationized antigen to bind
to the GBM, as no reduction in the degree of antigen deposition
was noted in kidneys ligated for a period of 15 mm prior to
injection of antigen.
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Table 4. Persistence of cationized antigen capable of binding to the
GBM in the circulation
Period of
ligation,
mina
Intensity of immunofluorescent staining
for cationized ferritin in the GBMb
Left kidney Right kidney
I
++ +++
++ ++
+ ++
2
++ +++
+ ++
5
(+) +++
— ++
10
(+)
— ++
15
(+) +++
— ++
— ++
a Left renal artery ligated before intravenous injection of 5 mg/l00 g
body wt highly cationized ferritin. Time given is period between
injection and release of ligature.
b Three animals killed 10 mm after release of ligature; individual
values are shown.
Weak mesangial staining.
Investigation of extent of circulating immune complex
deposition
In the kidneys, ligated just before injection of cationized
antigen and released immediately after injection of antibody,
deposition of either cationized ferritin or antibody was not seen.
In the unclamped kidneys marked staining for ferritin and
antiferritin was present (see Table 3, 30 mm).
Controls
Native ferritin at the dosage used did not localize in the
glomerulus as judged by immunofluorescence. This was also
true for those animals also given antibody.
Discussion
In addition to the accepted role of circulating immune com-
plexes in glomerulonephritis, the possibility of in situ immune
complex formation as a pathogenic mechanism has been dis-
cussed extensively [7]. New light was thrown on this latter
concept by the demonstration that in situ immune complex
nephritis could be induced with a cationic protein [3]. This
experimental model exploited the existence of negatively
charged sites in the GBM to which cationic macromolecules
could be attached.
In general macromolecules with a weight greater than 70,000
daltons are excluded virtually from the filtration process and
enter the filtration barrier only in minimal numbers [8]. Howev-
er, cationized macromolecules, as large as ferritin (480,000
daltons), can easily enter and penetrate the total width of the
GBM [9]. This can be explained by the presence of fixed anionic
sites in the lamina rara interna and, most abundantly, in the
lamina rara externa [10—12]. Hence the GBM can be thought of
as a size and a charge barrier, repulsing anionic (but not
cationic) macromolecules electrostatically [9, 12, 131.
As shown here the extent of glomerular binding of cationized
antigens depended on the degree of cationization as well as on
the size of the injected macromolecules. The most marked
accumulation of antigen was observed with highly cationized
Hu IgG and with ferritin. Cationized Hu 1gM, the largest
molecule tested, (900,000 daltons) was not or only poorly able
to enter the filtration barrier. Ovalbumin, the smallest molecule
used in our experiments (40,000 daltons), fixed comparatively
weakly to the GBM. This is in line with findings with lysozyme,
a rather small molecule (14,000 daltons); though having a p1
higher than 11, no accumulation can be detected by immunoflu-
orescence (to be published). Other investigators showed that to
induce sparse in situ immune complex deposition, repeated,
alternating perfusion of an isolated kidney with lysozyme and
antibody was necessary [14]. The case for including cationic
antigens into the list of potential nephritogenic agents is strong.
An antigen that will become a target for specific antibody
(planted antigen) should traverse the GBM relatively slowly so
that it can be overtaken and reached by the antibody molecules.
This situation is more likely to arise the longer the antigen
molecules remain in the basement membrane. Cationic proteins
fixed to anionic sites of the GBM fulfill this condition. If
cationic antigens do play a role in the in situ formation of
glomerular subepithelial immune complexes in man, then the
most promising candidates would be macromolecules of a size
greater than ovalbumin and smaller than Hu 1gM with a p1
greater than 8.5.
Our studies show that circulating antibody has access to the
cationic antigen planted within the GBM. Analyzing the elec-
tron microscopic findings, it became clear that ferritin mole-
cules persisted only when complexed with antibody, and then
predominantly subepithelially. Cationized ferritin, without anti-
body, was cleared largely from the glomerular capillaries within
afew hours. That ferritin on both sides of the GBM had become
complexed with the antibody could be deduced from the fact
that, in contrast to the experiments without antibody, the
ferritin aggregates were surrounded by a moderately electron
dense homogeneous material, presumably the antibody. At the
time when the antiferritin antibody was injected, most of the
cationized ferritin molecules were present on the endothelial
side of the GBM, where the first contact with circulating
antibody must occur. Only nonreacting antibody has the chance
to reach the limited amount of ferritin accumulated subepithe-
lially. Spontaneously synthesized rat antibody fixed to the
complex after 1 week, when this was only present subepithelial-
ly, showing that circulating antibody does have access to this
region. Studies in heterologous immune complex nephritis [15]
and in experimental serum sickness [16] also showed that
immune deposits on the epithelial side of the GBM were
accessible to antibody. Antibodies are heterogeneous in respect
to their overall net charge, with p1 ranging from pH 5 to over 8,
so that at least for the cationic antibody fraction the charge
barrier should not be too effective. This was in fact one reason
for using antiserum to native ferritin, as antigen and antibody
are complementary with respect to charge, and therefore the
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anionic native ferritin would be more likely to induce positive
antibody molecules than the cationized ferritin. In passive
Heymann nephritis binding of the cationic fraction of anti-
FX1A antiserum has been reported to be greater than that of the
anionic fraction [17]: This would be explicable by enhanced
penetration into the GBM. Until recently the only mechanism
shown experimentally to produce subepithelial deposits in the
rat was in Heymann nephritis. In this model the immune
deposits almost certainly are formed directly at the subepithe-
hal site [18—20]. Comprehensive quantitative studies [21] in the
passive Heymann model show that antibody continues to
accumulate in the renal glomerulus for at least 5 days, building
up the subepithelial deposits. Results obtained in our system
using radiolabelled cationized human IgG and anti-human IgG
antibody indicate that maximum antibody binding occurred
within the first 24 hr and was already declining by day 4 (see
Note added in proof). This difference in the kinetics of in situ
immune complex formation can be explained by the fact that in
Heymann nephritis the antigen is located exclusively subepithe-
lially whereas cationic antigen reacts with anionic sites on both
sides of the GBM. We interpret our findings to mean that the
subepithelial deposits can be built up in two ways: One is that
cationic antigen and antibody can penetrate the lamina rara
interna and the lamina densa independently and combine for the
first time subepithehially, where the antigen is apprehended. In
our experiments this mechanism is probably of minor impor-
tance and operated only in the early phases (see below). The
second possibility is that the complexes were formed initially at
the anionic sites in the subendothelial region. Thereafter, they
dissociate either into separate components or small units which
can cross the lamina densa and recombine subepitheliahly,
where they persist. We cannot differentiate between these latter
two possibilities but believe both must occur as a total dissolu-
tion of the complex is unlikely and we could observe both
isolated ferritin molecules and small ferritin aggregates in the
lamina densa.
Most of the material found subepithelially could only have
come from that accumulated subendothelially; even as early as
15 mm after antigen injection, no further deposition of antigen
can occur from the circulation as the ligation experiments
clearly demonstrate. The observation that the disappearance of
subendothelial complexes is accompanied by a parallel increase
in subepithelial deposits, without the appearance of large com-
plexes within the lamina densa, substantiates the preceeding
argumentation. As the subepithelial deposits are accessible for
circulating antibody, it is to be expected that antibody will
continue to bind and turn over in the complex. In this sense the
complex may be thought of as being formed subepithelially. It
must also be pointed out that probably not all the material
accumulating subendothelially proceeds to the subepithelial
region; some is certainly swept up into the mesangium, as part
of its clear function.'
The virtual exclusion of highly cationized 1gM from the GBM
demonstrated that a size barrier exists regardless of charge.
This allows the prediction that large immune aggregates will not
be able to pass the intact lamina densa (not altered by mediators
of inflammation), regardless of whether the antigen and anti-
body enter the lamina rara interna as separate entities or as a
preformed immune complex. Apart from this, as antigen pene-
tration is charge-dependent, the overall net charge of a complex
formed or present subendothelially must also determine the
ability of a complex to penetrate the GBM. From our results we
can predict that the proportion of antibody molecules in the
complex should not be so high that the net overall charge is
reduced below 8.5. Further considerations lead us to the
conclusion that the large (and hence anionic) complexes are
immobilized within the GBM (especially in the lamina rara
externa) by electrostatic repulsion, being surrounded by like-
charged zones. Preformed, basic complexes have also been
shown to be capable of binding to the GBM [1, 22] and are
presumably subject to the same limitations. The experiments
involving ligation of the renal artery showed that GBM binding,
cationic antigen was removed rapidly from the circulation.
Cationic antigen could still bind to a kidney that had been
clamped off previously, showing that potential changes in renal
hemodynamics or function resulting from ligation did not affect
deposition. Additional experiments directly excluded the possi-
bility that the immune complexes in the GBM could have come
from the circulation. This demonstrates the in situ nature of
immune complex formation in the model presented here. Stud-
ies on the biological effect of in situ immune complex formation
with cationized antigen have been reported previously [3]. The
amount of antigen given under the conditions employed here
does not result in glomerulonephritis with proteinuria. A severe
glomerular lesion can be induced readily when low doses of
antigen are perfused directly into the renal arteries, followed by
injection of antibody [3].
Our data throw light on the way that charge can be involved
in experimental in situ immune complex formation. There are
other experimental models in which immune complexes are
thought to be formed in situ. lzui et al have reported data on a
murine model involving DNA-anti DNA complexes [23]; it is
not known if charge is involved in this system. Concanavalin-A
can also act as a planted antigen [24] via its glycoprotein binding
properties leading to subendothelial deposits. Subepithehial
immune complexes have been induced in rats preimmunized
with native ferritin and then given repeated injections of native
ferritin [251. This system is analogous to chronic serum sickness
in rabbits and the factor(s) precipitating subepithelial immune
complex deposition are not completely understood. It is unlike-
ly that charge effects of the type discussed here were involved.
The data and experiments outlined above support the view
that in situ immune complex formation should be included into
the lists of pathomechanisms operating in glomerulonephritis.
The awareness that cationized antigens can bind to anionic sites
of the GBM and act as a target for circulating antibody makes
the search for basic antigens in bacteria, viruses, fungi, and
parasites associated with immune complex type nephritis a
promising area.
Note added in proqf
Since these results were submitted, detailed quantitative
studies on in situ immune complex formation using cationized
human IgG as antigen have been published (Oite T, Batsford
SR, Mihatsch MJ, Takamiya H, Vogt A: Quantitative studies of
in situ immune complex glomerulonephritis in the rat induced
by planted, cationised antigen. J Exp Med 155:460—474, 1982).
In addition, it has been reported that chronic serum sickness
may be induced more readily with cationic than with anionic
antigen (Border WA, Kamil ES, Ward Hi, Cohen AH Induc-
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tion ofmembranous nephropathy in rabbits by administration of
an exogenous cationic antigen. J C/in Invest 69:45 1—461, 1982).
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